A series of Roussin's red salt esters [Fe 2 (m-RS) 2 (NO) 4 ] (R = n-Pr (1), t-Bu (2), 6-methyl-2-pyridyl (3) and 4,6-dimethyl-2-pyrimidyl (4)) were synthesized by the reaction of Fe(NO) 2 (CO) 2 with thiols or thiolates. Complexes 1-4 were characterized by IR, UV-vis, 1 H-NMR, electrochemistry, and single-crystal X-ray diffraction analysis. The IR spectra of complexes 1-4 display one weak and two strong NO stretching frequencies (n NO ) in solution, but only two strong n NO in the solid. Density functional theoretical (DFT) calculations using complex 1 as model suggest that two spatial isomers of these complexes bear a 3 kcal energy difference in solution. Frequency calculations of the two isomers provide insight on the origin of the vibrational bands and explain the IR observation of complexes 1-4 in the solid state and in solution. Cyclic voltammetry shows two quasi-reversible, one-electron reductions for complexes 1-2 and one quasi-reversible, one-electron reduction for complexes 3-4. The paramagnetic complexes -(1 --4 -) exhibit an isotropic signal of g = 1.998-2.004 without hyperfine splitting in the temperature range 180-298 K. The observations are consistent with the results of the calculations, which reveal that the unpaired electron is dominantly delocalized over the two sulfur and two iron atoms. The difference of the g values between the reduced form of Roussin's red ester and the typical dinitrosyl iron complexes is explained, for the first time, by the difference in unpaired electron distributions between the two types of complexes, which provides the theoretical bases for the use of g values as a spectroscopic tool to differentiate these biologically active complexes.
Introduction
A number of investigations have shown that nitric oxide (NO) performs important functions in different biological processes.
1

NO is synthesized by a family of enzymes called NO synthases (NOS).
2 Once produced, NO can react with thiols and metal centers in proteins to regulate a variety of physiological processes, including controlling blood pressure, preventing platelet aggregation, modulating vasodilation, smoothing muscle proliferation and acting as biological messengers.
3-4 For example, NO was found to play a regulatory role in the metalloenzyme nitrile hydratase (NHase) by reversibly binding to its iron active site.
5
Dinitrosyl iron complexes (DNICs) and S-nitrosothiols (RSNOs) are thought to be two possible forms for storage and transport of NO in biological systems. At present, researchers have identified Department of Chemistry and Biochemistry, California State University, Long Beach 1250 Bellflower Blvd., Long Beach, CA, 90840, USA. E-mail: lli@csulb.edu † Electronic supplementary information (ESI) available: Absorption spectra and 1 H-NMR spectra for [Fe 2 (m-RS) 2 (NO) 4 ] (R = n-Pr (1), 6-methyl-2-pyridyl (3) and 4,6-dimethyl-2-pyrimidyl (4)), the Cartesian coordinates for all the optimized structures of 1-4, 1 --4 -, and Fe(NO) 2 (CO) 2 + , and the SOMO of Fe(NO) 2 (CO) 2 + . CCDC reference numbers 691873-691875. For ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/b810230a that DNICs serve as products of the biosynthetic evolution of NO in vitro, intermediates of the iron-catalyzed degradation, and formation of RSNOs.
4e-f, 6 These DNICs have been extensively investigated by EPR and other spectroscopic techniques in biological systems, and exhibit characteristic isotropic EPR signals at g = 2.03. 7 Studies also indicate that the immune system utilizes NO to combat intracellular pathogens and the process produces the dinitrosyl iron complex Cys 2 Fe(NO) 2 .
8 Recently, experimental results also showed that the interaction of NO with Fe-Fur (Ferric uptake regulation protein) produces two dinitrosyl iron species: a major one with an {Fe(NO) 2 } 9 (S = 1/2) electronic structure and a minor one with an {Fe(NO) 2 } 8 (S = 0) electronic structure.
9 Therefore, there is considerable interest in developing different molecular models of biologically correlative dinitrosyl iron complexes.
10 These models help elucidate the dinitrosyl iron electronic structure, while serving as spectroscopic references and potential NO delivery systems.
water-soluble RRE, on the food-spoilage bacterium Clostridium sporogenes has also been investigated and was found to be effective in the millimolar range. In comparison to the experimental results, it is proposed that NO plays an important role in the above courses.
11b,13 IR, 1 H-NMR and electrochemical properties of [Fe 2 (m-RS) 2 (NO) 4 ] (R = alkyl) and the EPR of the reduction products, 2 
(NO) 4 ]
-, have been reported by Liaw, Glidewell and Wojcicki. 12g, 14 Over the past several years, Ford and co-workers 6e,15 have also investigated the photochemical NO release of RREs and made significant progress. They improved the light harvesting ability and enhanced the photochemical response to light with longer wavelengths by varying the R group of the compounds. In this contribution, a series of Roussin's red salt esters [Fe 2 (m-RS) 2 (NO) 4 ] (R = n-Pr, t-Bu, 4,6-dimethyl-2-pyrimidyl and 6-methyl-2-pyridyl) were isolated and characterized by IR, UV-vis, 1 H-NMR, electrochemistry and single-crystal X-ray diffraction analysis, and their reduced species, [Fe 2 (m-RS) 2 (NO) 4 ] -, were also characterized by IR and EPR spectroscopy. Theoretical calculations using density functional theory (DFT) that were related to IR, EPR, electrochemistry, and some structural parameters, were also performed and the results were compared with the experimental data.
Results and discussion
Synthesis of the complexes
The carbonyl groups of Fe(NO) 2 (CO) 2 may be replaced by the nitrogen containing and phosphorus containing ligands to yield the stable dinitrosyl complexes as reported in a previous study.
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In order to study the effects of different ligands on the properties, the Roussin's red salt esters [Fe 2 (m-RS) 2 (NO) 4 ] (R = n-Pr (1), t-Bu (2), 6-methyl-2-pyridyl (3) and 4,6-dimethyl-2-pyrimidyl (4)) were prepared, as shown in Scheme 1, by the reaction of Fe(NO) 2 (CO) 2 with the relevant thiols or thiolates in the methylene chloride or methanol. All the reactions were performed under a nitrogen atmosphere according to Schlenk techniques or in a glove box and were monitored by IR spectroscopy. Upon substitution, the carbonyl stretching frequencies disappeared, and the characteristic IR absorptions of nitroysl groups (n NO ) shifted to lower frequencies. Meanwhile, the red or green reaction solution gradually turned to dark brown. The observations are consistent with the formation of dinuclear iron complexes as characterized by IR, 1 H-NMR, electrochemistry, and single-crystal X-ray diffraction. These complexes were soluble in common organic solvents such as CH 2 Cl 2 , THF and acetone. EPR spectra of these complexes exhibit an isotropic signal without hyperfine splitting all the way down to 180 K. It is noteworthy that complex 4 slowly decomposes during the course of the reduction reaction.
Spectroscopic characterization
The infrared spectra of 1-4 were recorded as KBr pellets and in THF solution. When comparing with the starting material, Fe(NO) 2 (CO) 2 , the characteristic carbonyl stretching frequencies (n CO , 2087 and 2037 cm -1 ) for these compounds were not present, indicating that both carbonyl groups were replaced by the sulfur containing ligands, while the typical IR absorptions of nitroysl groups (n NO ) shift from 1807, 1760 cm Fig. 1 , the corresponding n NO bands are shifted by ca. 100 cm -1 to lower energy in comparison with the neutral species due to their negative charge. Interestingly, complexes 1-4 display one weak and two strong NO stretching frequencies in solution, but only two strong NO stretching frequencies in the solid state. Moreover, Gidwell and co-workers reported the existence of cis and trans spatial isomers in solution by variable-temperature NMR. 14a-c In order to understand the differences between the solution and solid state IR spectra, geometry optimizations using density functional theory (DFT) were performed on the cis and trans isomers of complex 1. The calculation showed that they only exhibit ca. 3 kcal mol -1 energy difference. To further explain the vibrational modes of the cis and trans isomers, the frequency calculations were carried out for both isomers using complex 1 as a model, and the results may be extrapolated for complexes 2-4. The geometry optimization of the cis complex was calculated using the optimized structure of the trans complex by changing the R groups to cis position and optimizing from this point. 
Scheme 2
It should be pointed out that the IR spectra for the mixture of cis and trans isomers should have displayed six NO vibration frequencies. However, it can be seen from Table 1 that the trans and cis isomer produce two identical vibrational frequencies derived from anti-symmetric vibrational modes at ca. 1730 and 1704 cm -1 . In addition, the cis isomer shows two additional vibrational Scheme 3 frequencies derived from symmetric vibrational modes at 1770 and 1694 cm -1 , but the latter is very close to the anti-symmetric vibrational frequency at 1704 cm -1 . Fig. 2 shows the IR spectra of the cis isomer simulated with the Amsterdam density functional (ADF) software and plotted using different peak widths. The result displayed was that the peak width and intensity overlap of the cis and trans isomers make the vibrational band at 1704 cm -1 unresolved in the IR spectrum. It is also worth noting that the calculations reproduce the separation between adjacent bands very well. The calculated results, 40 and 26(23) cm -1 , are very close to the experimental values of 35 and 27 cm -1 for the Dab and Dbc, so it can be concluded that the calculated value is also consistent with the experimental value for the Dcd. The bands at 1775 and 1748 cm -1 are the result of the overlap of those bands derived from symmetric and anti-symmetric vibration modes of the cis and trans isomers, but the band at 1810 cm -1 is only derived from one of symmetric vibration modes of cis isomer. Hence, these complexes actually show only three vibrational bands for the NO moieties in Fig. 2 The calculated vibrational spectra using different peak widths for the cis isomer of complex 1. the experimental solution IR spectra. In solution, the small energy difference of two spatial isomers is supplied by the solvent, which allows both isomers to co-exist. In fact, in both THF and CH 2 Cl 2 solution, with the increase of spatial hindrance of the R group from complex 1-4, the intensity of the weak absorption band at~1810 cm -1 , derived from the cis isomer, gradually decreases in comparison with two strong ones. In the solid state, since the absence of solvent provides insufficient energy to make the cis isomer exist, complexes 1-4 only contain the trans isomer.
12a
Hence, their IR spectra only display two strong NO stretching frequencies.
The electronic absorption spectra of complexes 1-4 were measured in THF. Complexes 1 and 2 show one strong band at 239 and 241 nm and two medium bands at 312, 313 and 363, 358 nm, respectively. These spectra are analogous to the spectra of aqueous RRS, which shows bands at 242, 314 and 374 nm.
15a
Complex 3 only displays a medium band at 389 nm and no obvious absorption band is observed at higher energy. Complex 4 displays a strong shoulder at 237 nm, but only a medium band at 363 nm. These results show that the absorption spectra of the esters are related to their R group to some extent.
Roussin's red salt esters are diamagnetic and EPR silent due to the antiferromagnetic coupling between the dinuclear irons, which is demonstrated by good NMR spectra. EPR spectra of the reduced species, [Fe 2 (m-RS) 2 (NO) 4 ] -, exhibits an isotropic signal at g = 1.998-2.004 (Table 2 ) without hyperfine splitting in the temperature range 180-298 K. At even lower temperatures, such as 110K, complex 1 displays an axial EPR signal at g^= 2.007 and g = 1.916, as shown in Fig. 3 . There appears to be a slight shoulder at higher fields, which could be due to the rhombic local symmetry rather than the axial symmetry because of the interaction with neighbouring atoms. It is known that the main EPR characteristics of DNICs are g values close to 2.03 and the hyperfine structures arising from the coupling between the unpaired electron and the nitrogen of the NO.
17 In the case of the four anionic RREs (1 --4 -), the EPR spectra reveal no hyperfine structures and the g values are in the range of 1.998-2.004, which is close to the free radical. Similar phenomena have also been observed by others.
12g In order to interpret the difference, single point calculations on the four optimized structures of the anionic complexes were carried out by including all electrons. The spin density distributions of the singly occupied molecular orbit (SOMO) for the complexes 1 --4 -are shown in Fig. 4 . From the calculations, one can see that there are 60-63% of the electron delocalized on two iron atoms, 25.0-25.8% of the electron delocalized on two sulfur atoms, and only 2-6% of the electron delocalized on four NOs. Because most of the unpaired electron is delocalized over the Fe and S atoms and the most natural abundance of isotopes of these are 56 Fe and 32 S, whose nuclear spins (I) are zero, the lack of hyperfine splitting in the EPR spectra of these complexes can be understood. The differences between the g values for 1
--4 -(~2.000) and the typical DNICs (2.03) can also be explained by the amount of electron density delocalized on Fe and NO, which dictates the g value. The distribution of electron density on the SOMO of complex
+ was calculated by using DFT calculations as well, and the results showed that Fe and NO moiety possessed 54.4 and 41.8% of the electron density of the SOMO, respectively. It has been noted that the calculated distribution of electrons on the iron in DNICs (54%) is lower than the values obtained by 57 Feenriched EPR experiments on other g = 2.03 species.
17b However, it is well known that it is quite common to obtain an over-delocalized distribution of the charge by DFT. Nonetheless, for complex 1 --4 -, the amount of electron density on the each iron is in the range of 30-32%, and the total percentage of the electrons on the NO moieties is only 2-6%. Therefore, the difference between the EPR g values and the lack of hyperfine couplings from the NO group in complexes 1 --4 -, compared with the typical DNICs, can be well explained by the calculated percentage of the electrons on the metal and NO moiety using DFT method.
To further validate the above mentioned results, additional calculations were carried out to obtain the g values by using complex 2 -as an example. The calculated isotropic g value is 1.995, which is very close to the experimental data of 1.999. The calculated anisotropic parameters, g^= 2.014 and g = 1.958 are in agreement with the experimental data g^= 2.009 and g = 1.965, reported for this complex.
12g These theoretical results explain clearly why hyperfine structures were not observed and corroborate that the electron density of the SOMO is mostly delocalized on the Fe and S atoms.
Electrochemical properties
The redox behaviour of complexes 1-4 was studied by cyclic voltammetry (CV) in CH 2 Cl 2 . The experiments were performed with the supporting electrolyte tetrabutylammonium hexafluorophosphate. All the complexes exhibited irreversible oxidations. In fact, these complexes are very unstable in air. As shown in Fig. 5 , complexes 1-2 exhibit two quasi-reversible one-electron reductions at -1.16, -1.84 and -1.20, -1.81 V, respectively, but complexes 3-4 only show one quasi-reversible one-electron reduction at -0.99 and -0.91 V, respectively, even when more negative scan potentials were applied. Complexes 1 and 4 were also investigated at various scan rates up to 2 V s -1 . At higher scan rates, complexes 1 and 4 remained quasi-reversible, which indicates that the large peak-to-peak separation is indeed due to the electrochemical quasi-reversibility rather than from the presence of possible coupled chemical complications. All of these reductions can be attributed to iron-sulfur-based redox processes. The half-wave potentials for the first reduction peak clearly turn to more positive values in the order of complex 2, 1, 3 and 4, showing these complexes are easier to reduce along the sequence. This is consistent with the less electron donor effect of the R group in this order. These results indicate that the electronic property of the R group of RREs significantly influences the electrochemical properties of the relevant complexes. The reduction potentials for this series of iron-sulfur nitrosyl complexes were also calculated using DFT. It has been proven that the use of DFT is a reasonably accurate tool for the prediction of reduction potentials.
18 It has been shown to reproduce experimental results satisfactorily on organic compounds and also on metal complexes. In order to calculate the reduction potentials, a thermodynamic cycle depicted in Scheme 4 was used. Considering the expression DG • = -nFE • , the value for the reduction potential versus NHE can be calculated from DG
• ox (Where A represents the neutral complex, and A -represents the reduced complex). DG
• red(IV) can also be expressed as DG b DG
Structural studies
The molecular structures of complexes 1-4 were determined by Xray diffraction analysis and the structural parameters of complex 2 resemble the reported one. 12a,d Single crystals of these complexes were obtained by slow diffusion of MeOH into the corresponding CH 2 Cl 2 solutions at ambient temperature. All these complexes show a "chair-shape" structure. Two R groups are almost parallel to each other along opposite directions and form an angle of~110
• with the 2Fe-2S plane. Fig. 6-8 shows the molecular structures of compounds 1, 3 and 4 viewed from the upper side of the "chair". The Fe(1)-Fe(1a) distance of ca. 2.70 Å suggests that there is a fairly strong interaction between the two iron centers. The average Fe-N(NO) bond distance for complex 1-4 is~1.670 Å , which is significantly longer than the reported value in the dinuclear complex Fe 2 (m-L) 2 Fig. 6 Molecular structure of complex 1 with thermal ellipsoids drawn at the 30% probability, symmetry code: a = -x, 1 -y, 1 -z.
Fig. 7
Molecular structure of complex 3 with thermal ellipsoids drawn at the 30% probability, symmetry code: a = 1 -x, 1 -y, -z. -(average value: 1.681 Å ).
10e The Fe-Fe distance and the average Fe-S bond length for complex 4 are 2.741 and 2.278 Å , respectively, which are longer than the corresponding values (2.698, 2.708, 2.708 and 2.257, 2.257, 2.270 Å ) for complexes 1-3, indicating that complex 4 is essentially more unstable. The observations are in accordance with the results of the electrochemical studies where complex 4 possessed the most positive reduction potential amongst the four complexes.
DFT geometry optimization
Optimizations were carried out for neutral and negatively charged complexes; the spin-unrestricted method was employed for all the complexes. Frequency calculations were also carried out, which show no negative frequencies, proving that the optimized structures are at a minimum. The selected bond distances and angles are listed in the Table 4 along with the calculated values and the single-crystal X-ray diffraction data. All the bond distances are well reproduced by the calculations. The main difference between the X-ray data and the calculated data is that the Fe-N-O angle is underestimated by an average of 2.5
• in calculation. This difference is usually very common for metal nitrosyls and it is thought to have an electronic origin, 20 and thus cannot be attributed to packing forces, bearing in mind that calculations were carried out in the gas phase. Even when using very large basis sets, this structural characteristic of metal nitrosyls is difficult to calculate accurately.
17 Therefore, the calculated results using the TZ2P basis set are in fairly good agreement with the experimental data. Optimization using the same level of theory on charged complexes was also performed and the results are shown in the Table 4 as well. Comparing the structural parameters of the charged and neutral species in all four complexes, most of the bond lengths and angles remain with no obvious change but with the exception of the Fe-Fe distance, which exhibited an increase ranged from 0.298-0.382 Å . These results and the single-point calculations show that the extra electron goes mainly onto the Fe atoms. This increase in the electron density on the iron atoms will effect the back-donation from the Fe to the NO moieties by Table 4 List of selected bond distances (Å ) and angles (
• ) from the single-crystal X-ray diffraction data and the corresponding parameters from DFT optimized (BLYP/TZ2P) structures for complex 1-4 showing larger electron back-donation from Fe to NO for the anion than for the neutral complex, therefore shifting the NO stretching bands to lower frequencies. This is also reflected by the NO distances. The NO distances for the neutral complexes are very close to the X-ray data, only 0.010-0.015 Å longer, but in the anionic complexes, the bond distances are about 0.027-0.036 Å longer than the X-ray data, clearly indicating that the increased electron density on the Fe centers enhances the back-donation to the p*-orbital of the NO moiety, thus weakening the NO bond. In addition, the single point calculations also explain why adding electrons causes weakening the bond between two irons. The molecular orbital characters of the SOMOs in Fig. 3 are clearly anti-bonding; thus adding electrons into the SOMO actually increases electron-electron repulsion between the iron atoms and contributes to the weakening of the Fe-Fe bond. The composition of the SOMO mainly comes from the d orbital of the metal but also has some 3p character, although in a very small amount for all four complexes, while the sulfur contribution is solely from its p orbital.
Conclusion
In summary, a series of Roussin's red salt esters [Fe 2 (m-RS) 2 (NO) 4 ] with different R groups (R = n-Pr (1), t-Bu (2), 6-methyl-2-pyridyl (3) and 4,6-dimethyl-2-pyrimidyl (4) (1-4) . The neutral and reduced species were studied by IR, EPR and electrochemistry. Density functional theory was used for theoretical calculations and the results were compared with experimental parameters generated from IR, EPR, electrochemistry and X-ray crystal analysis. DFT calculations show that cis and trans isomers of complexes 1 exhibit ca. 3 kcal energy difference in solution. Frequency calculations for both isomers were carried out using the optimized structures. In the solution IR spectrum, the bands at 1775 and 1748 cm -1 are the result of the overlap of other bands derived from symmetric and anti-symmetric vibration modes of the cis and trans isomers, but the band at 1810 cm -1 was only derived from one of the symmetric vibration modes of the cis isomer. In the solid state, these complexes only contain the trans isomers and hence their IR spectra only display two strong NO stretching frequencies at 1727 and 1704 cm -1 , derived from the two anti-symmetric vibrations. Cyclic voltammetry shows two quasireversible, one-electron reductions for complexes 1-2 at -1.16, -1.84 and -1.20, -1.81 V and one quasi-reversible, one-electron reduction for complexes 3-4 at -0.99 and -0.91 V. The calculated values of the first reduction potentials for complexes 1-4 are more negative, but considered to be in a reasonable agreement with the experimental data. The EPR spectra of complexes [Fe 2 (m-RS) 2 (NO) 4 ]
-(1 --4 -) exhibit an isotropic signal at g = 1.998-2.004 without hyperfine splitting even at low temperatures. These observations are consistent with the results of the DFT calculations, which reveal that the SOMO is mostly of metal character with an anti-bonding p*-orbital and the unpaired electron is dominantly delocalized between the Fe and S atoms. This provides, for the first time, an explanation on the differences in the EPR g values and hyperfine couplings compared with the typical g = 2.03 dinitrosyl iron complexes. These theoretical and experimental results enhance the understanding on the properties and possible NO release mechanism of this class of nitrosyl iron complexes.
Computational details
Ground state electronic calculations were carried out using the ADF 2006.01 21 on the basis of DFT methods. Triple-z Slater type function complemented with two polarization functions (TZ2P) was employed for all atoms (Fe, N, C, O and S), except for H in which a double Slater type function was used. In addition, a frozen core approximation was also applied (3p for Fe, 2p for S, and 1s for N, O and C). The same basis set was used for complexes 1-4 and 1 cis isomer to carry out the frequency calculations; no imaginary frequencies were found for 1-4, indicating that they are at a minimum. DFT calculations were carried out using an unrestricted wave function with the GGA BLYP (Becke exchange with Lee, Yang, and Parr correlation) functional.
22 To take into account the relativistic effects, scalar relativistic corrections to all atoms within the zero-order regular approximation (ZORA) formalism were applied.
23 This methodology was used for all the gas phase geometry optimizations and condensed phase calculations. For single-point calculations, the same TZ2P basis set including all electron (non-frozen cores) was used. Calculations in the presence of solvent were carried out using the conductor-like screening model (COSMO) implemented in ADF using a Klamt surface type, the solvent used was dichloromethane as pre-defined in ADF. 24a The anisotropic and isotropic g values were calculated using the ADF EPR program with a restricted open-shell and spin-nonpolarized wavefunction incorporating spin-orbit (SO) coupling, together with SAOP 24b model (ADF/SAOP), ZORA formalism, and TZ2P basis set including all electrons.
Experimental
Fe(NO) 2 (CO) 2 was synthesized according to the reported procedure. 25 Other chemicals were purchased from Aldrich Chemical Co. and were used without further purification. All solvents were purified and/or dried by standard techniques and degassed under vacuum prior to use. IR spectra were recorded on a Nicolet AVATAR 370 FTIR infrared spectrophotometer. UV-vis spectra were measured on a Varian Cary 300 Bio UV-vis spectrophotometer. EPR measurements were recorded on an X-band Bruker EMX spectrometer equipped with a variable temperature controller and internal frequency counter. The 1 H-NMR spectra were obtained on a Bruker 400 MHz NMR spectrometer, using tetramethylsilane as an internal standard.
Synthesis of complex 1
A mixture of Fe(NO) 2 (CO) 2 (0.2 mL, 1.8 mmol) and 1-propanethiol (0.16 mL, 1.8 mmol) in CH 2 Cl 2 (10 mL) in the presence of potassium carbonate (414 mg, 3 mmol) was stirred for 72 h at ambient temperature under a nitrogen atmosphere. The reaction was monitored by FTIR and the IR n NO stretching frequencies shifted from 1807 and 1760 cm -1 to 1810, 1775 and 1748 cm -1 . The reaction solution was filtered to remove undissolved potassium carbonate, and methanol was slowly added to the filtrate, then the mixed solution was left at -35
• C overnight to crystallize in a glovebox. The black crystals, suitable for Xray crystallography, were collected by filtration and washed with methanol. The solid was dried under vacuum for several hours. Yield: 216 mg (63%). FT-IR n NO /cm -1 : 1809, 1774, 1747 (THF); 1810, 1775, 1748 (CH 2 Cl 2 ); 1782, 1729 (KBr). UV-vis spectrum l max /nm: 239 (sh), 312, 363 (THF).
1 H-NMR (CDCl 3 ) d/ppm: 3.00 (6, 4H), 1.89 (m, 4H), 1.11 (t, 6H).
Synthesis of complex 2
Method A. Complex 2 was obtained using the 2-methyl-2-propanethiol by the same procedure as described above for 1. Yield: 181 mg (49%). FT-IR n NO /cm Method B. Fe(NO) 2 (CO) 2 (0.2 mL, 1.8 mmol) and sodium 2-methyl-2-propanethiolate (202 mg, 1.8 mmol) were dissolved in methanol (10 mL) and stirred for 48 h at ambient temperature under a nitrogen atmosphere. The solution turned from green to dark brown. The reaction solution was filtered to remove any dissolved impurity after putting at -35
• C overnight. The residue was redissolved in CH 2 Cl 2 and methanol was slowly added to the solution. The mixed solution was then left at -35
• C in a glovebox overnight to crystallize. The black crystals, suitable for X-ray crystallography, were collected by filtration and washed with methanol. The solid was dried under vacuum for several hours. Yield: 225 mg (61%).
Synthesis of complex 3
A mixture of Fe(NO) 2 (CO) 2 (0.2 mL, 1.8 mmol) and 4,6-dimethyl-2-mercaptopyrimidine (252 mg, 1.8 mmol) in CH 2 Cl 2 was stirred for 72 h at ambient temperature under a nitrogen atmosphere. The reaction was monitored by FT-IR and the IR n NO stretching frequencies shifted from 1807 and 1760 cm -1 to 1821, 1789 and 1758 cm -1 . Methanol was slowly added to the reaction solution, and the mixed solution was left in a glovebox at -35
• C overnight to crystallize. The black crystals, suitable for X-ray crystallography, were collected by filtration and washed with methanol. 
Synthesis of complex 4
Complex 4 was obtained using 6-methyl-2-mercaptopyridine by the same procedure as described above for 3. Yield: 298 mg (69%). FT-IR n NO /cm 
Crystallography
Crystallographic data and structure refinement parameters of compounds 1, 3, and 4 are summarized in Table 5 . The structural parameters of complex 2 were omitted from the table because they resembles the reported ones.
12a, d The diffraction data of compounds 1-4 were collected on a SMART CCD diffractometer with a graphite-monochromated MoKa sealed tube (l = 0.7103 Å ) at 293 K, using a w scan mode with an increment of 0.3
• . Preliminary unit cell parameters were obtained from 45 frames. Final unit cell parameters were obtained by global refinements of reflections obtained from integration of all the frame data. The collected frames were integrated using the preliminary cellorientation matrix. The SMART software was used for collecting frames of data, indexing reflections, and determination of lattice constants; SAINT-PLUS for integration of intensity of reflections and scaling; SADABS for absorption correction; and SHELXL for space group and structure determination, refinements, graphics and structure reporting.
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Electrochemistry
Cyclic voltammetry (CV) was carried out with a CH Instruments electrochemical analyzer 730 A. A three-electrode system consisted of a platinum working electrode, a platinum wire counter electrode and an Ag/Ag + reference electrode was used. The reference electrode was separated from the bulk of the solution by a fritted-glass bridge filled with the solvent-supporting electrolyte mixture. The CV data were recorded with the scan rate ranging from 100 mV s -1 to 2 V s -1 ; and all CV spectra shown in the manuscript were recorded at the scan rate of 100 mV s 
